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ON THE mSION AND TEST OF A LOW NOISE PROPELLER 

An e x t e n s i v e  review of n o i s e  and performance of g e n e r a l  
a v i a t i o n  p r o p e l l e r s  was performed a t  MIT" Research  was done i n  
t h r e e  areas: A review of t h e  a c o u s t i c  and aerodynamic t h e o r y  of 
g e n e r a l  a v i a t i o n  p r o p e l l e r s ,  wind t u n n e l  t es t s  of t h r e e  one- 
q u a r t e r  s c a l e  models of g e n e r a l  a v i a t i o n  p r o p e l l e r s ,  and f l i g h t .  
t e s t  of two low n o i s e  p r o p e l l e r s .  

One of t h e  two low n o i s e  p r o p e l l e r s  was des igned  and t e s t e d  
a t  MIT and h a s  a l r e a d y  been d e s c r i b e d 2 .  The second p r o p e l l e r  was 
des igned  a t  MIT and f l i g h t  tested a t  OSU. The d e s i g n  and t e s t i n g  
of  t h e  second p r o p e l l e r  is reviewed h e r e i n .  

Th i s  r p p o r t  deac r i b e s  t h e  g e n e r a l  aerodynamic c o n s i d e r a t  i ons  
needed t o  d e s i g n  8 new p r o p e l l e r ,  rev iews  t h e  d e s i g n  point. 
a n a l y s i s  of low n o i s e  p r o p e l l e r s ,  and f i n a l l y ,  compares the 
p r e d i c t e d  and measured n o i s e  l e v e l s .  

To d e s i g n  a f i x e d  p i t c h  p r o p e l l e r  f o r  an e x i s t i n g  a i r c r a f t  
t h e r e  a r e  two p o i n t s  t o  c o n s i d e r .  F i r s t ,  t h e  p r o p e l l e r  must b e  

matched t o  t he  e n g i n e ,  Second, t h e  power r e s u l t  l n g  from t h e  
eng ine  p r o p e l l e r  combina t ion  must b e  matched t o  t h e  needs  of t h e  

a l r c r a f  t ,  Fig.  1 l l l u s t r e t e s  t h i s  problem, 

I n  F ig .  1, t h e  v e r t i c a l  a x i s  i s  power and t h e  h o r i z o n t a l  
a x i s  i s  a i r c r a f t  speed .  The s o l i d  b l ack  l i n e  r e p r e s e n t s  t h e  
power needed t o  overcome a i r c r a f t  d r a g  a t  any p a r t i c u l a r  
v e l o c i t y .  T h i s  power is  g i v e n  by t h e  e x p r e s s i o n :  
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Here 
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P = Power 

V = Aircraft Velocity 

CD= Drag Coefficient 

CDo = Drag due to skin friction 

CL = Aircraft Lift Coefficient 
R = Wing Aspect Ratio 

S = Wing Area 

e = Span efficiency 

mg = Aircraft Weight 

These coefficients represent, in a simplified manner, the 

performance of the aircraft. This performance is summarized in 

the drag coefficient CD whicti, in turn, has two parts. CDo repr- 
2 esents the drag coefficient due to skin friction, CL /7Re repre- 

sents the induced loss of a finite aspect ratio wing. Further 

description of these characteristics may be found in introductory 

aerodynamic texts3. For our purposes, it is sufficient to note 

that these coefficients were measured at OSU and are summarized 
in the following table. 
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Table 1 

A i r c r a f t  C h a r a c t e r i s t i c s  

Parameter Value Comment 

13.44 M' 144.6 f t 2  wing a r e a  
-05  ,skin f r i c t i o n  

c o e f f i c i e n t  
7 .  415 a s p e c t  r a t i o  
0.65 span e f f i c i e n c y  

9029.9 N 2030 l b s  ( u t i l i t y  
w e  igh  t ) 

The heavy dashed l i n e  i n  Fig.  1 r e 2 r e s e n t s  t h e  power 
a v a i l a b l e  from t h e  product ion  engine  p rbope l l e r  combination, with 
t h e  engine opera ted  a t  f u l l  t h r o t t l e .  This  power i s  t h e  product  
of t h e  p r o p e l l e r  t h r u s t  t imes  t h e  a i r c r a f t  v e l o c i t y .  The produc- 
t i o n  engine p r o p e l l e r  power was deduzed from two o b s e r v a t i o n s .  
F i r s t ,  t h e  f a s t e s t  s e a  l e v e l  veloci4;y a t t a i n e d  by tht  a i r c r a f t  
was 63.2 M/S (141.4 mph). Second, t h e  b e s t  rate of climb occurs  
a t  40 M/S (90 mph) and i s  approximately 4 M/S (800 f t / m i n ) .  
Wherever t h e  power a v a i l a b l e  exceeds t h e  power needed t o  overcome 
a i r c r a f t  d rag ,  t h e  a i r c r a f t  can climb. The v e l o c i t y  a t  which t h e  
two curves  i n t e r s e c t  i s  t h e  peak forward v e l o c i t y .  

The a c o u s t i c  des ign  po in t  i s  t h e  f u l l  power f l y o v e r  a t  305 m 

(1000 f t )  a l t i t u d e  which i s  s p e c i f i e d  i n  PAR 364. The a c o u s t i c  
goa l  Is t o  reduce t h e  p r o p e l l e r  n o i s e ,  as measured by a  ground 

obse rve r ,  w i t h  no l o s s  i n  aerodynamic performance. Hence, t h e  
design p o i n t  i s  t o  match t h e  p r o p e l l e r  performance dur ing  a f u l l  
power l e v e l  f l y o v e r .  The procedure i s  t o  des ign  a p r o p e l l e r  



Report No. 1761 Bolt Beranek and Newman Inc. 

which minimizes t h e  induced l o s s e s  a t  t h e  des ign  cond i t ion .  

There are s i x  parameters  needed t o  s p e c i f y  t h e  des ign  of a 
minimum induced l o s s  p r o p e l l e r .  These a r e  g iven  i n  Table 2, 

a long with t h e  a s s o c i a t e d  va lues  f o r  t h e  e x i s t i n g  p r o p e l l e r .  

Table 2 

P r o p e l l e r  Design S p e c i f i c a t i o n s  

Parameter Ex1 s t ing  

P r o p e l l e r  

A i r D e n s i t y  1.225 K G / M ~  

Ve loc i ty  63.2 M/S 

Rota t ion  Rate 2700 RPM 

Power 122 kw (164 hp) 

Blades 2 

Radlus .97 M (38") 

New Comment 

P rope l l c  A- 

1.225 K G / M ~  Sea Level 

63.2 M/S Max. Ve loc i ty  

2700 RPm Max .Rota t ion  

Speed 

122 kw (164 hp) Max Eng. Pwr.  

3 
-87 (34") 

The implied c o n s t r a i n t  i s  t h a t  t h e  e f f i c i e n c y  (85%) be 

approximately t h e  same f o r  bath.  This  is  d i scussed  i n  g r e a t e r  

d e t a i l  i n  t h e  next  sec t ion .The measured p r o p e r t i e s  of t h e  new and ./ 

e x i s t i n g  p r o p e l l n r s  demonstrated t h a t  they were i d e n t i c a l  dur ing  

a f u l l  power f l y o v e r .  

However, a s  ev iden t  i n  Fig.  1, it i s  impor tant  t o  mainta in  

aerodynamic performance of over  a range of a i r s p e e d .  The 

procedure used t o  analyze  t h i s  performance i s  i n d i c a t e d  i n  Figs.  

2a, 2b, 2c. F ig .  2a r e p r e s e n t s  t h e  measured engine  power versus  

r o t a t i o n  speed on t h e  OSU a i r c r a f t .  T h i s  was g iven by t h e  appro- 

ximate equa t ion  

P 122.3 + .0447 (X-2700) 
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where P  i s  t h e  engine  power i n  k i l o w a t t s ,  and X i s  t h e  engine 
RPM. One p o i n t  t o  n o t e  i s  t h a t  t h e  measured peak engine  power 
122 kw (164 hp)  i s  l e s s  t h a n  t h e  r a t e d  power 134 kw (180 hp).  
Fig.  2b and 2 c  r e p r e s e n t  t h e  c a l c u l a t e d  p r o p e l l e r  
c h a r a c t e r i s t i c s .  These a r e  g iven i n  non-dimensional form ss 

3 5 power c o e f f i c i e n t  ( C p  = P / van R ) and t h r u s t  c o e f f i c i e n t  (CT = 
2 4 T / 4'"~ R ) v e r s u s  advance r a t i o  ( V / R R ) .  Here R = B n ,  n  is  t h e  

r o t s t i o n  r a t e  and R t h e  p r o p e l l e r  r a d i u s .  

The procedure f o r  c o n s t r u c t i n g  t h e s e  curves  i s  g iven  i n  
Ref'erence 5. S e v e r a l  g e n e r a l  p o i n t s  should be made. F i r s t ,  t h e  
p r o p e l l e r  i s  designed t o  suppor t  a load d i s t r i b u t i o n  which 
minimizes bhe induced l o s s  f o r  t h e  c o n d i t i o n s  l i s t e d  i n  Table 
2. This  procedure g i v e s  load d i s t r i b u t i o n  which, I n  t u r n ,  
s p e c i f i e s  t h e  product  of t h e  chorZ times t h e  s e c t i o n  l i f t .  Air- 
f o i l  s e c t i o n s  a r e  chosen t o  o p e r a t e  a t  t h e  maximum l i f t  t o  drag 
r a t i o  f o r  t h e  cond i t ion .  I n  t h i s  i n s t a n c e  t h e  s e c t i o n c  a r e  N A C A  

64 s e r i e s  a i r f o i i s .  Given t h e  s e c t i o n  l i f t ,  t h e  chord and ang le  
d i s t r i b u t i o n  v e r s u s  r a d i u s  i s  determined. The i n f  luence of t h e  
a i r c r a f t  n a c e l l e  i s  accounted f o r  approxin.ately by assuming lower 
inf low v e l o c i t i e s  n e a r  t h e  hub. 

Once t h e  geometry of t h e  p r o p e l l e r  i s  s p e c i f i e d ,  and t h e  
a i r f o i l  s e c t i o n  p r o p e r t i e s  t a b u l a t e d ,  it i s  then  p o s s i b l e  t o  
c o n s t r u c t  t h e  curves  g iven i n  Fig .  2b end 2c. One parameter i s  

absen t  from Fig .  2b and 2c: t h e  p r o p e l l e r  Mach number. The Mach 
number i s  impor tant  because t h e  a i r f o i l  s e c t i o n  p r o p e r t i e s  depend 
on Mach number. To accomodate t h e  e f f e c t  i n  an approximate way, 
F igs .  2b and 2c a r e  cons t ruc ted  f o r  a p r o p e l l e r  r o t a t i n g  a t  2700 

RPM. A more a c c u r a t e  a n a l y s i s  would r e q u i r e  a s e r i e s  of curves  
t o  be cons t ruc ted  f o r  each Mach number. This  i s  more d e t a i l  than  
needed f o r  a  p re l iminary  a n a l y s i s .  
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To s y n t h e s i z e  t h e  eng ine -p rope l l e r  curve of Fig. 1, fo l low 
t h e  s t e p s  l i s t e d  i n  Fig. 2. F i r s t ,  s e l e c t  r o t a t i o n  r a t e  from t h e  
eng ine  curve;  t h i s  g i v e s  a n  engine  power (F ig .  2a) .  Qiven t h e  
power and r o t a t i o n  r a t e ,  f i n d  t h e  advanced r a t i o  a t  which t h e  
p r o p e l l e r  power a b s o r p t i o n  matches t h e  engine  power (Fig .  2b) ; 
t h i s  g i v e s  t h e  a i r c r a f t  v e l o c i t y .  Now, from t h e  advance r a t i o ,  
f i n d  t h e  t h r u s t  produced by t h e  p r o p e l l e r  (Fig .  2c) .  The product 
of t h i s  t h r u s t  t imes  t h e  v e l o c i t y ,  p l o t t e d  a g a i n s t  v e l o c i t y ,  
y i e l d s  a  power curve similar t o  t h a t  p l o t t e d  i n  F i g *  1. 

Design Point Analysis 

Table 2 shows t h a t  t h e  new p r o p e l l e r  d i f f e r s  from t h e  o l d  
p r o p e l l e r  i n  t h a t  i t  has  t h r e e  b lades  and a  reduced diameter .  
The s t r a t e g y  i s  t o  combine two n o i s e  r e d u c t i o n  methods i n  such a  
way t h a t  t h e  e f f i c i e n c y  i s  maintained.  Th i s  s t r a t e g y  i s  based on 

6 methods developed f o r  reducing n o i s e  on t h e  MIT a i r c r a f t  . This  
a i r c r a f t  i s  s i m i l a r  t o  t h e  X U  a i r c r a f t  i n  t h a t  t h e  p r o p e l l e r  
d i a ~ e t e r  and r o t a t i o n  speed a r e  i d e n t i c a l .  The l a r g e s t  
d i f f e r e n c e  i s  t h a t  t h e  MIT a i r c r a f t  has  a  150 hp engine ,  whereas 
t h e  OSU a i r c r a f t  has a  180 hp engine. However, t h e  s i m i l a r i t i e s  
outweigh t h e  d i f f e r e n c e s  and t h e  same des ign  c h a r t s  used f o r  t h e  
MIT a i r c r a f t  were used f o r  t h e  OSU a i r c r a f t .  

The goal  i s  t o  minimize t h e  peak dBA l e v e l s  recorded by a  
ground obse rve r  a s  t h e  a i r c r a f t  f l i e s  a l e v e l  pa th  a t  an a l t i t u d e  
of 304.8 meters.  The tes t  c o n d i t i o n  must be i n  accord with those  
s p e c i f  l e d  i n  FAA Advisory c i r c u l a r  3 6 - l ~ ( a ) .  Appendix F, S e c t i o n  
36.111, paragraph 6  s t a t e s  "Over f l i g h t  must be performed a t  
r a t e d  maximum cont inuous  p~wei*.'' I n  accordance wi th  t h i s  regula-  
t i o n ,  t h e  des ign  p o i n t  i s  t o p  speed a t  f u l l  power a t  t h e  red l i n e  
RYM. The maximum sound l e v e l  on t h e  ground occurs  when t h e  
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a i r c r a f t  i s  5 O  p a s t  t h e  zen i th .  This  i s  t h e  p o i n t  a t  which t h e  

Bound i s  computed i n  t h e  des ign  c h a r t s .  

I n  Fig.  3a and 3b t h e  e f f e c t  of changing t h e  number of 
b lades  i s  examined. Fig.  3a i l l u s t r a t e s  t h e  e f f e c t  on p r o p e l l e r  
e f f i c i e n c y .  The f i g u r e s  were cons t ruc ted  by des ign ing  a s e r i e s  
of minimum i n d i c e d  l o s s  p r o p e l l e r s .  As t h e  number of blades  
i n c r e a s e s ,  t h e  e f f i c i e n c y  i n c r e a s e s  and both  t h e  sound l e v e l  
dec reases  a t  a  s lower r a t e  than  t h e  unweighted sound l e v e l  
because t h e  b lade  pass ing  frequency i n c r e a s e s  wi th  t h e  number of 
b lades .  

The n o i s e  i s  changed by a l t e r i n g  t h e  source  s t r e n g t h .  
Compare a  two and t h r e e  b lade  p r o p e l l e r ,  each of which absorbs  
t h e  same power. A b l ade  of t h e  two blade  p r o p e l l e r  must provide  
1 v2 t imes  more f o r c e  than  a  b lade  of a  t h r e e  b lade  p r o p e l l e r  and 
must have, approximately,  a  chord 1 ?$ t imes  a s  l a r g e .  Because 
t h e  peak sound l e v e l  i s  dominated by c o n d i t i o n s  on a s i n g l e  
b lade ,  t h i s  f a c t  means t h a t  t h e  source  s t r e n g t h  f o r  both  t h e  
thiclcness and l o a d i n g  terms must be l a r g e r  on t h e  p r o p e l l e r  w i t h  

fewer ~ ~ a d e s .  

I n  Fig.  4a and 4b t h e  e f f e c t  of a i t e r i n g  t h e  r a d i u s  i s  
examined. F ig .  4a i l l u s t r a t e s  t h e  e f f e c t s  on sound l e v e l ,  Fig.  
4b i l l u s t r a t e s  t h e  e f f e c t s  on p r o p e l l e r  e f f i c i e n c y .  (Once aga in ,  
t h e  f i g u r e s  a r e  c o n s t r u c t e d  by des ign ing  a  s e r i e s  of minimum 
induced l o s s  p r o p e l l e r s .  ) 

The h o r i z o n t a l  a x i s  i s  t h e  p r o p e l l e r  r a d i u s  as a percentage  
of t h e  product ion  p r o p e l l e r  r ad ius .  A s  t h e  r a d i u s  i n c r e a s e s  t h e  
e f f i c i e n c y  i n c r e a s e s  and both t h e  scund l e v e l  and A-weighted 
l e v e l  i n c r e a s e .  The n o i s e  is changed by a l t e r i n g  t h e  t i p  
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speed. B e ~ a u s e  t h e  r o t a t i o n  i s  f i x e d  a t  2700 RPM, t h e  t i p  speed 
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p r o p e l l e r  r a d i u s .  

The two n o i s e  r educ t ion  s t r a t e g i e s  were combined as 
fo l lows:  A min:mum induced l o s s  p r o p e l l e r  was designed w i t h  t h e  
c h a r a c t e r i s t i c s  of t h e  product ion  p r o p e l l e r  l i s t e d  i n  Table 
2.Next, a  second p r o p e l l e r  was designed with t h r e e  b lades .  This  
change reduced t h e  sound l e v e l  anci inc reased  t h e  e f f i c i e n c y .  
F i n a l l y ,  t h e  r a d i u s  of t h e  t h r e e  b lade  p r o p e l l e r  was reduced t o  
90% of t h e  o r i g i n a l  va lue .  This  f u r t h e r  reduced t h e  n o i s e  and 
reduced t h e  e f f i c i e n c y  down t o  i t s  o r i g i n a l  value.  An off -des ign  
a n a l y s i s  shcwed t h a t  t h i s  p r o p e l l e r  would o p e r a t e  approximately 
t h e  same a s  t h e  o r i g i n a l .  This  meant t h a t  it would be q u i e t e r  
than  t h e  o r i g i n a l  propel .  e r  f o r  a l l  f l i g h t  v e l o c i t i e s .  I ts  t i p  
speed would always be lower,  because of t h e  s m a l l e r  r a d i u s ,  and 
t h e  source  s t r e n g t h  would always be 2/3 of t h a t  of a comparable 
two blade  p r o p e l l e r .  

Lhta Review 

OSU has  f l i g h t  t e s t e d  t h e  low n o i s e  p r o p e l l e r .  Aerodynamic 

obse rva t ions  i n d i c a t e  no degrada t ion  i n  performance a t  t h e  des ign  
po in t .  That i s ,  a t  f u l l  t h r o t t l e  dur ing  l e v e l  f l i g h t ,  t h e  engine 
r o t a t e d  a t  2700 RPM and t h e  a i r c r a f t  f lew a t  t h e  e-.me a i r s p e e d .  

Acoust ic  comparison of t h e  new and o l d  p r o p e l l e r s  i s  g iven 

i n  Fig.  5. The h o r i z o n t a l  a x i s  i n  f l i g h t  speed and t h e  v e r t i c a l  
a x i s  i s  t h e  sound l e v e l  measured wi th  a  wing-mounted 
microphone. This  microphone was mounted i n  t h e  d i s k  p l w e  a t  
1.90 (6.22 f t )  from t h e  p r o p e l l e r  a x i s .  The measurements were 
taken a t  several.  a i r s p e e d s  dur ing  l e v e l  f l i g h t  a t  1524M (5000 f t )  

a l t i t u d e .  A t  a l l  f l i g h t  speeds t h e  new p r o p e l l e r  i s  four  t o  s i x  
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dB q u i e t e r  t h a n  t h e  o ld .  Also l i s t e d  on t h e  f i g u r e  i s  t h e  
d i f f e r e n c e  i n  n o i s e  l e v e l  of t h e  o l d  p r ~ p e l l e r  wi th  and wi thou t  a  
m u f f l e r  a t t a c h e d  t o  t h e  engine.  That t h e  n o i s e  level was reduced 
af ter  a t t a c h i n g  t h e  m u f f l e r  i n d i c a t e s  t h e  eng ine  i s  a l s o  a n  
impor t an t  n o i s e  sou rce  f o r  t h i s  a i r c r a f t . N o n t h e l e s s ,  t h e  eng ine  
n o i s e  problem was e a s i l y  suppres sed ,  and p r o p e l l e r  a l t e r a t i o n s  
y i e l d e d  s t i l l  f u r t h e r  n o i s e  r e d u c t i o n s .  

F igu re  6 compares t h e  p r e d i c t e d  and measured sound l e v e l s  
f o r  t h e  new p r o p e l l e r .  The sound l e v e l  measured w i t h  t h e  x ing  
mounted microphone i s  combared t o  p r e d i c t i o n s  f o r  a  range of  
f l i g h t  speeds .  The p r e d i c t i o n s  were made g iven  only t h e  shape and 
motion of t h e  p r o p e l l e r ,  no e m p i r i c a l  a d j u s t m e n t s  were made. The 
f i r s t  s t e p  is t o  c a l c u l a t e  t h e  p r o p e l l e r  l o a d s  u s i n g  t h e  l i f t i n g  
l i n e  t h e o r y  d e s c r i b e d  i n  Reference  5, Next, t h e  sound f i e l d  i s  

c a l c u l a t e d  u s i n g  t h e  known p r o p e l l e r  shape,  motion and load  
d i s t r i b u t i o n .  I n  F igu re  6, t h e  measurements i n c l u d e  a11 n o i s e  
s o u r c e s .  B e t t e r  agreemerat is ob ta ined  i f  ;he measurement; a r e  
processed  t o  e x t r a c t  t h e  p r o p e l l e r  n o i s e .  Tfiis p rocedure ,  wj 

i s  developed i n  Appendix A ,  i s  t o  compute t h e  measured va lue -  
from t h e  F o u r i e r  s p e c t r a .  The ampl i tude  a t  each p r o p e l l e r  
harmonic i s  measured wi th  a c a l i p e r .  These harmonic ampl i tudes  
a r e  t hen  added l o g a r i t h m i c a l l y  t o  g i v e  t h e  measured SPL. 

Agreement t o  1dB Is p o s s i b l e  a t  a l l  f l i g h t  speeds .  

F igu re  7 compares t h e  measured a t  p r e d i c t e d  F o u r i e r  s p e c t r a  
f o r  t h e  h igh  speed f l i g h t .  Only t h e  b l a d e  p a s s i n g  harmonics a r e  
shown. The f i g u r e  i n d i c a t e s  t h a t  t h e  s p e c t r a  i s  p r e d i c t e d  
a c c u r a t e l y .  Other  comparison and a d l s c u s s i o n  of t h e  background 
n o i s e  a r e  found i n  Appendix A.  

F i g u r e  8 compares t h e  measured and p r e d i c t e d  p r e s s u r e  t ime 
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s i g n a t u r e s  f o r  t t :  "Ygh speed f l i g h t .  Again measurement and 
p r e d i c t i o n s  ag ree .  However, some s y s t e m a t i c  d i f f e r e n c e s  are 
a p p a r e n t .  The p r e d i c t e d  n e g a t i v e  ampl i tude  exceeds  t h e  measuree 
ampl i tude  f o r  t h e  f i r s t  and f o u r t h  p u l s e  i n  F ig .  8. Th i s  
i n d i c a t e s  t h a t  one b l ade  emits s l i g h t l y  less n o i s e  t h a n  t h e  
o t h e r s .  E r r o r s  i n  t h e  b l ade  a n g l e  s e t t i n g  were recorded  by OSU. 

Fence,  t h e  sma l l  n e g a t i v e  s o u r 3  p u l s e  i s  most l i k e l y  due t o  a  
smaller b l ade  load .  

Conclusions 

F l i g h t  t e s t s  on a new low n o i s e  p r o p e l l e r  have demonstrated 
t h a t  t h i s  p r o p e l l e r  is 4 t o  6 dB q u i e t e r  t h a n  t h e  p r o d u c t i o n  
p r o p e l l e r  wi th  no measureable  r e d u c t i o n  i n  aerodynamic 
performance.  Th i s  p r o p e l l e r  was des igned  u s i n g  p rocedures  
developed a t  MIT d u r i n g  a s tudy  of t h e  n o i s e  and p e r f o r m a n ~ e  of 
p r o p e i l e r s  f o r  l i g h t  a i r c r a f t .  

A comparison of t h e  c a l c u l a t e d  a c o u s t i c  s i g n a t u r e  t o  t h e  
measured s i g n a t u r e  shows t h a t  t h e  t h e o r y  a c c u r a t e l y  d e s c r i b e s  t h e  
n o i s e  from t h e  new p r o p e l l e r .  This s tudy  demons t ra tes  that;  t h e  
technology i s  now a v a i l a b l e  f o r  t h e  c o n t r o l  of n o i s e  i n  g e n e r a l  
a v i a t i o n  p r o p e l l e r s .  
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APPENDIX A 

FURTHER COMPARISONS OF MEASUREMENT TO THEORY 

Ohio S t a t e  h a s  summarized t h e i r  a c o u s t i c  o b s e r v a t i o n s  f o r  
two f l i g h t s .  On f l i g h t  30, t h e  MIT p r o p e l l e r  was s e t  a t  approxi-  
mately 0.2O l e s s  t h a n  i t s  nominal p i t c h ;  on f l i g h t  34, t h e  MIT 
p r o p e l l e r  was s e t  a t  approximately 2.0° less than  i t s  nominal 
p i t c h .  During each f l i g h t  a  number of  runs  were made. Each run 
corresponds t o  a  p a r t i c u l a r  a i r c r a f t  v e l o c i t y .  A summary of 
f l i g h t  c o n d i t i o n s  i s  given i n  Tables A 1  and AZ.  

Informat ion  on t h e  sound l e v e l  Is a l s o  g iven  i n  t h e s e  
t a b l e s .  The column l a b e l e d  " 9 v e r a l l  SPLw c o n t a i n s  t h e  
informat ion  supp l i ed  by OSU. The column : .oeled "Measured 
P r o p e l l e r  SPLw i s  computed a t  BBN. The h e i g h t  of each p r o p e l l e r  
harnonic  ampli tude g iven i n  t h e  F o u r i e r  s p e c t r a  i s  measured w i t h  
a  c a l i p e r .  The harmonic ampli tudes ar13 then  added 
l o g a r i t h m i c a l l y  t o  g ive  t h e  measured SPL. The column l a b e l e d  
"Calcula ted  P r o p e l l e r  SPLw c o n t a i n s  t h e  p r e d i z t e d  sound l e v e l s  
computed a t  BBN. 

The o v e r a l l  SPL exceeds t h e  measured p r o p e l l e r  SPL i n  Table  
A 1  and A2 because of t h e  i n f l u e n c e  of background no i se .  There i s  
one s i g n i f i c a n t  excep t ion  t o  t h i s  r u l e .  These a r e  f o r  f l i g h t  34, 
run 134 r u l e .  I n  t h i s  i n s t a n c e  t h e  measured p r o p e l l e r  SPL 

exceeds t h e  o v e r a l l  SPL. This  i s  probably due t o  p l o t t e r  
e r r o r .  Th i s  i s  a l s o  t h e  only run i n  which t h e  measured s p e c t r a  
exceeds t h e  c a l c u l a t e d  s p e c t r a  by a  s i g n i f i c a n t  amount. 

F igure  A 1  i s  an  example of t h e  measured F o u r i e r  a p e c t r a .  
Superimposed on t h i s  f i g u r e  i s  a l i n e  i n d i c a t i n g  t h e  engine 
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harmonics. The p r o p e l ~ s r  harmonics a r e  l a b e l e d  Pi. The MIT 

p r o p e l l e r  has  thcec  b lades ,  hence t h e  fundamental b lade  p a s s i n g  
frequency i s  t h r e e  time8 t h e  s h a f t  frequency. The engine  has  
f o u r  c y l i n d e r s ,  each c y l i n d e r  f i r e s  a t  one h a l f  t h e  s h a f t  
f requency,  hence t h e  fundamental engine frequency i s  twice  t h e  
s h a f t  f requency.  The engine  and p r o p e l l e r  harmonics a r e  
i d e n t i c a l  a t  every o t h e r  p r o p e l l e r  harmonic s t a r t i n g  w i t h  P2. O f  

p a r t i c u l a r  i n t e r e s t  i s  a second s e t  of harmonics l a b e l e d  Ii. 

Each of t h e s e  i s  a t  t h e  p r o p e l l e r  frequency minus t h e  s h a f t  
frequency. Not a l l  of t h e s e  harmonics correspond t o  engine  
harmonics. I n  p a r t i c u l a r  I2 and I,, a r e  n e i t h e r  p r o p e l l e r  nor  
engine harmonics. That t h e  second, f i f t h  and n i n t h  engine  
harmonics a r e  bur ied  i n  the  n o i s e  i n d i c a t e s  t h a t  t h e  sequence of 
peaks l a b e l e d  Ii ( f o r  i n t e r a c t i o n  harmonic) c o n s t i t u t e  a s e p a r a t e  
phenomena. One p o s s i b l e  cause of t h e s e  i n t e r a c t i o n  harmonics i s  

a  non l i n e a r  i n t e r a c t i o n  between t h e  sound from t h e  engine and 
t h e  sound from t h e  p r o p e l l e r .  Th i s  i n t e r a c t i o n  can y i e l d  
a d d i t i o n a l  tones  a t  sums and d i f f e r e n c e s  of t h e  engine and 
p r o p e l l e r  f r equenc ies .  

F igures  A2 t o  A17 compare t h e  measured xnd p r e d i c t e d  
a c o u s t i c  s p e c t r a .  Closc agreement i s  e v i d e n t  i n  a l l  cases  excep t  
f o r  run 134 ( F i g .  A17). The p r e d i c t i o n s  were made g iven only t h e  
shape and motion of t h e  p r o p e l l e r .  F i r s t  t h e  b lade  loads  were 
c a l c u l a t e d ,  t h e n  t h e  a c o u s t i c  s i g n a t u r e  was c a l c u l a t e d .  No 
empi r i ca l  adjus tments  a r e  needed. 
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APPENLIIX B 
NOTES ON TYE DATA 

Ohio S t a t e  h a s  s p e n t  some t i n e  deve lop ing  a  d a t a  package t o  
summarize t h e  f l l g h t  t e s t  measurements. For each  run  a packe t  of  
i n f o r m a t i o n  is  s u p p l i e d ,  T h i s  packe t  c o n s i s t s  of two t a b l e s  and 
t h r e e  g raphs .  The re  ape some small i n c o n s i s t e n c i e s  i n  t h i s  
i n f o m a t i o n  package which are reviewed he re .  

T a b l e s  B 1  and  82 a r e  s u p p l i e d  by OSU f o r  each  run.  Tab le  81 
summarizes t h e  engice o p e r a t i n g  c o n d i t i o n s .  Tab le  B2 s*mmar izes  
t h e  f requency  s p e c t r a .  On T a b l e  B 1  t h e r e  are s e v e r a l  p r o p e l l e r  
r o t a t i o n  rates i n d i c a t e d :  2700, 2541, and 2697 RPM. The f i r s t  
r a t e  i s  t h e  approximate  r e a d i n g  of t h e  f l i g h t  e n g i n e e r ,  ?.he 
second r a t e  i s  t h e  tachometer  r e a d i n g  and t h e  l a s t  r a t e  A S  t h a t  
deduced from t h e  F o u r i e r  s p e c t r a .  I n  a l l  t h e  BBN c a l c u l a t i o n s ,  
on ly  t h e  rate deduced from t h e  F o u r i e r  s p e c t r a  i s  used.  

Tab le  B 2  c o n t a i n s  two sets of measurements. One set g i v e s  
t h e  cnwputed harmonic a m p l i t u d e s  u s i n g  a n  FFT r o u t i n e ,  t h e  second 
set  g i v e s  t h e  r e s u l t s  of  a r e a l  t ime  spec t rum a n a l y z e r .  The 
r e s u l t s  of t h e  FFT do n o t  a g r e e  w i t h  t h e  spec t rum a n a l y z e r .  
Fur thermore ,  t h e  t a b u l a t e d  data a p p e a r s  t o  be t h e  peak ampl i tude  
a t  each harmonic and n o t  t h e  RMS ampl i tude .  

Le t  A b e  t h e  ampl l tude  of t h e  ith harmonic g i v e n  i n  Tab le  
02 .  If t h e  sound I c v e l  1s 20 l o g  (Ai/Z r loo5), t h e n  t h i s  sound 
l e v e l  exceeds  t h a t  g iven  i n  t h e  p l o t t e d  s p e c t r a  hy app rox ima te ly  

3 dB. Because 3 dB i s  approximate ly  20 l o g  2 ,  t h e  a m p l i t u d e s  
l i a t e d  I n  Tab le  B2 are most p robably  the peak ampl i tudes  a t  each  
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Three f i g u r e s  are a l s o  su?plied wi th  each run. Fig,  B1 i s  a 
p l o t  of t h e  peak sound l e v e l  a t  each harmonic. This 18 a p l o t  of  
t h e  column labe led  FASTFT i n  Table 82. Fig. 82 is  a p l o t  of t he  
aound l e v e l  versus  frequency, Each of t h e  peaks i n  Fig. B2 
l abe led  P1 is a p rope l l e r  harmonic. These peaks are 20 l o g  

A 2 x log5) where Ai is t h e  amplitude l i s t e d  i n  Table B2. 
Fig. 83 presen ts  t h e  pressure  time s ignature .  

There appears t o  be two e r r o r s  i n  t h e  time s igna ture .  
F i r s t ,  if t h e  per iod is  measured with  c a l i p e r s  then t h e  measured 
period i s  .0235f.002 aec,  which corresponds t o  a r o t a t i o n  r a t e  of 
approximately 254 1 RPM. However, t h e  measured blade passing 
frequency i n  Fig. B3 i s  13624 Hz which corresponds t o  a r o t a t i o n  
r a t e  of approximately 2697 RPM, This is a 6% e r ro r .  Apparently 
t he  pressure  time s igna tu re s  a r e  based on t h e  tachometer RPM. 

Because t h e  tachometer reading is  saspected t o  be i n  e r r o r ,  t h e  
period should be cor rec ted  a s  is  done i n  Fig. 8 of t h i s  t e s t .  

The second e r r o r  i n  t h e  nteasured pressure  time s igna tu re  is 
the  s ign  of t h e  amplitude. The pressure  s igna tu re  i n  Fig. 83 
shows a slow drop i n  p ressure  followed by a s t eep  r i s e .  Also, 
t he  peak negat ive  amplitude is  l a r g e r  than the  peak p o s i t i v e  
amplitude. The ca lcu la ted  pressure  s igna tu re  shows prec i se ly  t h e  
opposi te  e f f e c t .  I n  t he  c a l c u l a t i o n  a slow rise i n  pressure  i s  
followed by a s t e e p  drop. Also t h e  peak p o s i t i v e  emplitude i s  
l a r g e r  than t b e  peak negat ive  amplitude. The e r r o r  i s  one of 
s ign ,  and the  d a t a  can be corrected by mul t ip ly ing  a l l  measure- 
ments by -1. The probably source of e r r o r  is the  i n t e r p r e t a t i o n  
of t h e  vol tage reading from t h e  microphone. For condensor micro- 
phones a negat ive  vol tage corresponds t o  a po8i t ive  pressure.  
This co r r ec t ion  1s a l s o  made on Fig. 8 i n  t h i s  t e s t .  
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